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液噴流・固体面衝突時の液滴生成過程に関する研究 
 要  旨 
 冷却材に液体金属ナトリウムを用いる高速増殖炉において，配管を流れるナトリウ
ムが何らかの事象により漏えいした場合，壁，床や天井等の構造物へ衝突し，液滴とな
って飛散する事態が予想される．その結果，飛散したナトリウムと空気中の酸素および
湿分との間で燃焼反応が生じ，重要構造物への熱的負荷が及び得る．そのため，燃焼規
模の把握を目的とした燃焼解析コードの開発がなされている．この解析で設定する因
子には，衝突後の飛散液滴の総量があるが，これらの評価手法は乏しい現状にある．以
上を受け，本研究では水およびグリセリン溶液噴流を鉛直下向きに平板へ衝突させた
実験を行い，生じる液滴の総量の予測手法を開発した． 
 実験では，窒素ガスによる加圧圧力とバルブ開度により流量を調節し，ノズルから噴
流を生成させた．噴流はノズルの下に設置されている平板に衝突して，飛散液滴が形成
される．この飛散液滴を液滴回収装置にて計量した．さらに，噴流の流動状況ならびに
衝突に伴う液滴飛散の様子を高速度カメラで撮影し，流動様相観察の計測を行った．実
験パラメータは流速 U0，ノズル径 d0 と衝突高さ L(ノズルと平板までの距離)とした． 
 通常，噴流は下方へ流動するにつれ，液界面に発生する不安定波が成長し，ある長さ
(Breakup length)で 1 次液滴に分裂する．さらに，噴流の分裂が起きる回数 f や分裂後の
液滴径やそれの落下速度等の流動状況が，液滴飛散現象に対して強く関与しているこ
とが可視化観察から判明した．まずは，水を用いて，これらの物理量を予見する方法を
構築した．また，物性が異なる場合の適応性について検討するため，グリセリン水溶液
を用いて実験を行った．その結果，各予測式は物性が異なる場合においても有用である
ことが判明した． 
 続いて，上記で確立した流動状況から，衝突後の液滴飛散量を見積もる方法を検討し
た．飛散量は衝突ウェーバー数 WePと，噴流分裂が生じる回数 f に影響されることを実
験的に明らかにした．そして，水の実験結果から WePおよび f の無次元数 f*を用いて飛
散量を整理し，これの予測手法を提案した．最後に，グリセリン水溶液の実験から粘性
の影響を加えた式の開発した． 
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ABSTRACT 
The study of liquid jet is of considerable importance in many industrial fields including jet cleaning, 
jet engine and combustion. As an important example, the Monju nuclear power plant experienced a 
sodium leak in 1995. The leakage took place from the pipes in sodium-cooled fast reactor. When sodium 
is discharged as a liquid jet, a large number of droplets are produced during liquid jet impingement with 
the structures such as wall, floor, ceiling and so on. The surfaces of splashed droplets serve as a main 
reaction field of sodium combustion. In this study, a liquid jet was injected from a circular nozzle onto a 
horizontal disk. It was found that the splashing rate was negligibly small when the liquid jet impinged as 
a continuous jet whilst a significant amount of liquid was splashed when the liquid jet impinged as a 
broken jet. Thus, a prediction method was first developed for the impact frequency of the primary 
droplets produced due to the jet breakup. It was then shown that a phenomenological model using the 
impact frequency and the impact Weber number as the important variables can predict the splashing rate 
well. In order to clarify the adaptability of the equations made by water. Two different concentrations of 
glycerin are used as test liquid for experiment. 
Keywords: liquid jet impingement; splashing rate; jet breakup; impact frequency; sodium-cooled fast 
reactor; sodium fire 
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NOMENCLATURE 
a safety factor for breakup length (dimensionless) 
𝑎1 acceleration at the onset of breakup (m/s
2) 
aP acceleration of impacting droplet (m/s2) 
b safety factor for maximum impact frequency (dimensionless) 
CD drag coefficient (dimensionless) 
d0 nozzle diameter (m) 
dp impact hydraulic diameter of impacting droplet (m) 
f impact frequency (Hz) 
g gravity acceleration (m/s2) 
fmax maximum of f (Hz) 
f* dimensionless impact frequency  (dimensionless) 
k wave number (m−1) 
L fall height (m) 
L* dimensionless fall height (dimensionless) 
L1 minimum of Lb (m) 
L2 maximum of Ld (m) 
Lb breakup length of liquid jet (m) 
Ld length for completely breaking into droplet (m) 
m mass of droplet (kg) 
Ohp Ohnesorge number of impacting droplet (dimensionless) 
Q flow rate of liquid jet (m3/s) 
R radius of columnar jet (m) 
R0 radius of nozzle (m) 
Re Reynolds number of liquid jet (dimensionless) 
S surface area of droplet (m2) 
Sp splashing rate (m3/s) 
Sp* splash ratio (dimensionless) 
t time (s) 
T temperature  (℃) 
Tb time of splitting (s) 
U0 jet velocity at the nozzle (m/s) 
U1 jet velocity at the onset of breakup (m/s) 
Up velocity of impacting droplet (m/s) 
V volume of impact droplet (m3) 
Vd splashing volume per impact (m3) 
Vp volume of impact droplet (m3) 
We Weber number of liquid jet (dimensionless) 
Wep Weber number of impacting droplet (dimensionless) 
X breakup length of liquid jet (m) 
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Subscripts 
cal calculated value 
exp experimental value 
g gas phase 
l liquid phase 
 
Greek letters 
ϵ perturbation amplitude (m) 
λ unstable wavelength (m) 
λmax maximum unstable wavelength (m) 
μ viscosity coefficient (Pa･s) 
𝜌 density (kg/m3) 
σ surface tension (N/m) 
Ω maximum of unstable wave growth rate (Hz) 
ω growth rate of unstable wave (Hz) 
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1 INTRODUCTION 
1.1 Background 
Liquid sodium is used as a coolant in many fast reactors because of its preferable features such as low 
capabilities of neutron moderation and absorption, high boiling point, high thermal conductivity, and low 
cost. However, the sodium is of high chemical reactivity. Consequently, if the liquid sodium leaks from 
the primary or the secondary system of a sodium-cooled fast reactor, the liquid sodium would react with 
the oxygen and moisture in the air to cause sodium fire incident (Ohno et al., 2012) [1]. Figure 1 shows 
the location of sodium leakage. Thus, the sodium fire analysis codes have been developed and validated 
extensively to evaluate the pressure and temperature transients in the reactor containment vessel after the 
onset of sodium leakage (Tsai [2], 1980; Ohno et al., 2013[3]). 
 
 
Fig. 1 Place of leakage in sodium-cooled fast reactor. 
 
The discharged liquid sodium constitutes liquid pool and/or droplets in the containment vessel. It 
depends on the sodium leakage burning form shown below. 
· Pool combustion 
The leaked sodium spreads out on a floor or the like in a planar manner, and the surface reacts with 
oxygen and moisture contained in the air on its surface. The combustion is smaller than the following 
spray combustion. 
· Spray combustion 
In a state in which sodium leaking from the pipe breakage portion collides with a structure or the like 
and scatters as droplets, combustion reaction with oxygen and moisture occurs on the surface of the 
droplet. 
 
The combustion intensity is commonly postulated higher when the liquid sodium exists as droplets 
since the surface area of the liquid sodium that serves as a reaction field of combustion is much larger 
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for droplets (Nakahara, et al., 1982) [4]. Obviously, the total amount and size of liquid sodium droplets 
should be evaluated accurately in the sodium fire analysis codes. 
In the case that the liquid sodium is discharged from piping as a liquid jet, a number of droplets are 
produced during liquid jet impingement onto the structures such as the wall, floor, ceiling, and so on. To 
the best of authors’ knowledge, however, no systematic investigation has been made for the splashing 
during the liquid jet impingement. Consequently, considerable uncertainty is present in the amount and 
size of droplets postulated in the numerical analysis of sodium fire (Atomics International, 1972) [5]. Thus, 
in the present work, experiments are conducted mainly to develop a phenomenological model for the 
splashing rate. As the basic experimental condition, working fluid is emanated vertically downward from 
a circular nozzle hole; a stainless steel disk disposed horizontally is used as the target of the liquid jet. 
As discussed above, the study for the splashing during liquid jet impingement is scarce, but many 
studies have been conducted for the behavior of liquid jet. It is widely known that a continuous liquid jet 
starts to breakup into droplets at a certain distance from the nozzle; this distance is commonly referred 
to as the breakup length. Rayleigh (1878) [6] analytically investigated the growth of axisymmetric 
disturbances formed on the surface of an inviscid jet, and Weber’s analysis (1931) [7] showed that the 
breakup length of the liquid jet is inversely proportional to the jet velocity. Sterling and Sleiche’s work 
(1975) [8] discharged the liquid jets into air; they analyzed the aerodynamic interaction between the jet 
and the ambient air to develop the equation expressing the growth rate of disturbance. Lin and Reitz 
(1998) [9] showed that the breakup length of the liquid jet can be expressed as a function of jet exit velocity. 
Visualization of the impact process showed that splashing mainly occurs during the impacts of the 
primary droplets produced due to the jet breakup. Thus, splashing rate was negligibly small when the 
liquid jet impinged as a continuous jet (Fig. 2(a)) whilst a significant amount of liquid was splashed when 
the liquid jet impinged as a broken jet (Fig. 2(b)). This implies that the impact frequency f influences the 
splashing rate significantly. 
In view of this, we tried to analysis liquid jet at the impingement in the first step. Splashing rate is 
predicted afterwards. Figure 3 delineates the sections A, B and C that are of importance in determining 
the processes of splashing during liquid jet impingement onto a horizontal disk. The short descriptions 
of the three sections and the typical physical quantities characterizing each section are enumerated in 
Table 1. In the present work, the flow conditions of the liquid jet at the section A is specified in each 
experimental run and the splash ratio (ratio of the droplet splashing rate to the jet flow rate) Sp* is 
measured at the section C as the physical quantity of main interest. It would therefore be straightforward 
to correlate Sp* in terms of the liquid jet state at the section A. It is however obvious that the liquid jet 
state at the section B is more closely related to Sp*. In view of this, the following two-step approach is 
adopted in this work. In the first series of experiments, the liquid jet state at the section B is measured 
using a high-speed camera and it is correlated in terms of the liquid jet state at the section A. In this stage, 
several correlations are developed based on the findings of the jet breakup reported by the previous 
researchers. In the second series of experiments, Sp* is measured and it is correlated in terms of the liquid 
jet state at the section B. Since splashing mainly takes place on the collision of primary droplets produced 
due to jet breakup, the impact Weber number Wep and the impact frequency f of the primary droplets are 
used as important variables in the correlation.  
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(a) L = 250 mm (b) L = 500 mm 
Fig. 2 Visualization of the impact process (U0 = 3.7 m/s, d0 = 2 mm, dt = 0.5ms) 
 
 
Fig. 3 Three sections characterizing the liquid jet impingement onto a horizontal disk 
 
Table 1 Descriptions of the three sections A, B and C 
Section Description Typical physical quantities Nomenclature 
A Flow condition at the nozzle Nozzle diameter 
Jet velocity at the nozzle 
Fall height 
d0 [m] 
U0 [m/s] 
L [m] 
B State of liquid jet at the impingement Diameter of impacting droplet 
Velocity of impacting droplet 
Impact frequency 
dp [m] 
Up [m/s] 
f [ s-1] 
C State of splashed droplets Splash ratio Sp* [-] 
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1.2 Breakup regime 
Within a certain distance from the nozzle, continuous liquid jet of smooth surface is obtained but 
instability develops on the jet surface and the liquid jet is eventually broken into droplets. The type of jet 
breakup can be divided to the following five regimes (Reitz, 1978 [10]; Cordero et al., 2011 [11]): 
(1) Dripping regime 
(2) Rayleigh regime 
(3) First wind-induced regime 
(4) Second wind-induced regime 
(5) Atomization regime 
 
Table 2 Jet breakup regimes （Atay, 1986 [12]; Lin and Reitz, 1998 [9]） 
Type of Regime U0 (m/s) X/d d (mm) Wel , Weg 
Rayleigh Jet Breakup Regime  0-5 10-110 d  d0 Wel  8 and Weg  0.4 
First Wind Induced Breakup Regime  5-10 110-60 d = d0 0.4  Weg  13 
Second Wind Induced Breakup Regime  10-18 60-100 d  d0 13  Weg  40.3 
Atomization Regime  >18 0 d  d0 Weg  40.3 
 
The variations of the breakup regime and the breakup length with an increase in the jet velocity are 
shown schematically in Fig. 4. In the dripping regime at very low velocity, capillary force is dominant 
over other forces to cause periodic droplet emission from the nozzle; the breakup length is hence nearly 
zero. In the atomization regime of highest jet velocity range, the liquid jet breaks into tiny droplets and 
the breakup length decreases with an increase in the jet velocity. The jet flow rate is negligibly small in 
the dripping regime and the surface of the tiny droplets produced by the jet breakup serves as the main 
reaction field in the atomization regime. Thus, in the present study, the experiments were conducted for 
the Rayleigh, the first wind-induced, and the second wind-induced regimes in which the surfaces 
splashed droplets serve as the main reaction field. 
 
 
Fig. 4 Schematic diagram of the jet breakup regime. 
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The snapshots of jet breakup process for the three regimes are presented in Fig. 5. In the Rayleigh 
regime shown in Fig. 5(a), laminar jet of smooth surface disintegrates to droplets due to the Rayleigh-
Plateau instability. In the second wind-induced regime shown in Fig. 5(c), turbulent jet interacts with 
ambient air and the shear force causes unstable wave on the interface, leading to jet breakup. As shown 
in Fig. 4, the breakup length increases with an increase in the jet velocity in these two regimes, whilst 
decreases in the first wind-induced regime between them. Thus, in this work, the Rayleigh, the first wind-
induced, and the second wind-induced regimes are also called laminar, transition, and turbulence, 
respectively. 
 
   
(a) (b) (c) 
Fig. 5 Visualization of jet breakup (d0 = 1 mm) 
 (a) laminar (U0 = 1.77 m/s), (b) transition (U0 = 4.38 m/s), (c) turbulence (U0 = 8.77 m/s). 
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2 EXPERIMENT WITH WATER 
2.1 Experimental apparatus 
The experimental apparatus used in this work is shown schematically in Fig. 6. A pressure vessel is 
installed at the uppermost portion. In order of position, a flow meter, a needle valve, a solenoid valve, a 
nozzle, and a SUS304 flat plate are installed. To the pressure vessel, a nitrogen gas cylinder is connected 
an air tank. The air tank is installed with the intention of suppressing the internal pressure fluctuation in 
the pressure vessel at the time of jet flow generation and maintaining a constant flow rate. Filtrated tap 
water was used as the test liquid. In the experiments, water was supplied to the reservoir firstly. Then 
pressurized using the nitrogen cylinder. The pressure was measured using the pressure gauge equipped 
on the reservoir. The pressure in the reservoir and the opening of the needle valve on the discharge line 
were adjusted to set the flow rate at desired values. After the adjustments of the reservoir pressure and 
the needle valve opening, the magnet valve was opened to release the test liquid from the reservoir. 
During the experiment, the type-K thermocouple equipped on the reservoir accurate to within 0.1K 
measured the liquid temperature and the electromagnetic flowmeter accurate to within 0.01 liter/min 
measured the liquid flow rate.  
The nozzle height was fixed while the elevation of the target plate was changed using the lifter to 
adjust the fall height at desired values (see Fig. 6). The maximum nozzle height is 670mm. In order to 
prevent scattered liquid droplets from reaching a wide range, the periphery of the experimental apparatus 
is surrounded by a polycarbonate waterproof plate. 
 
 
Fig. 6 Schematic diagram of experimental apparatus. 
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2.1.1 Nozzle shape 
The cross-section of the nozzle is depicted in Fig. 7. The diameter of the flow channel was reduced 
gradually from 16 mm to the nozzle hole diameter d0. The value of d0 was a main experimental parameter 
and set to 1, 2 and 4 mm. The nozzle length is 70 mm, and the flow path is gradually reduced to the exit 
portion as shown in Fig. 7 for the purpose of alleviating the occurrence of cavitation. The angle of the 
reduced part was designed to be 30 degrees. 
 
   
1mm 2mm 4mm 
Fig. 7 Cross-section of the nozzle.  
 
2.1.2 Specifications of the main experimental equipment 
·Target plate: 
Material: SUS 304 
Diameter: 400 mm 
Product code: LED 120 
·Nozzle: 
Exit diameter d0: 1 mm, 2 mm, 4 mm 
·Electromagnetic flowmeter: 
Maker: Toshiba 
Product code: LF 410 
Measurement flow range: 0 to 10 L / min 
Reproducibility: ± 0.5% 
·Magnet valve: 
Manufacturer; CKD 
Part number: FWD 11 - 15 - 02 C - AC 100 V 
·High speed camera: 
Manufacturer: PHOTRON 
Product code: FASTCAM Mini UX 50 
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·LED lighting: 
Manufacturer: IDT Japan 
·Electronic balance: 
Manufacturer: As One 
Part number: ASP 213 
Reproducibility: 0.001 [g] 
·Data logger: 
Manufacturer: Eto Electric 
Product code: CADAC 3 
·Force Tensiometer: 
Manufacturer: KRÜSS  
Product code: K6 
·Viscometers 
Manufacturer: A&D Company  
Product code: SV-10 
 
2.2 Falling process 
2.2.1 Experiment method 
Visualization experiments were carried out to observe jet flow pattern and droplet formation condition, 
and to measure size and velocity of splashing droplet. In the visualization experiments, the target plate 
will not be used. The lifter will adjust the fall height to the maximum, for fear of the reaction from plate. 
In the visualization, the liquid jet was illuminated using a metal halide lamp; the spatial resolution was 
set to 59 m/pixel, the frame rate was 2000 frames/s, and the shutter speed was 10 s. 
Detailed experimental procedures are described as follows: 
1. Release the pressure of the reservoir in the air. 
2. Supply test liquid to the reservoir. 
3. Pressurize the reservoir using the gas cylinder. 
4. Mount the nozzle.  
5. Set height of camera and LED light. 
6. Adjust the focus of camera.  
7. Open raw light and take a snapshot of flexible rule for setting scale. 
8. Take out the flexible rule. Close raw light and open LED light. 
9. Take a snapshot of background 
10. Use data logger to record temperature. 
11. Open the magnet valve and adjust the flow rate of the test liquid by the needle valve.  
12. Start recording. 
13. The magnet valve is closed to finish this run.  
 
2.2.2 Impact frequency 
The variation tendency of the impact frequency f by the fall height L will be examined in Fig. 8. Under 
constant flow conditions, breakup length has periodic change. In the observation time, the minimum 
breakup length is defined as L1. The length which continue liquid jet get completely breakup is defined 
as L2. The impact frequency at L2 is defined as the maximum impact frequency fmax.  
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As shown in the figure, the value of f increased from 0 to fmax within a certain distance of L1 < L < L2 
and it became fairly constant for L > L2. It was therefore assumed that f can be expressed in terms of the 
maximum impact frequency fmax, the (minimum) breakup length L1, and the maximum breakup length 
L2. In what follows, L1, L2 and fmax are measured experimentally using a high-speed camera to develop 
the correlations for these quantities. In summary, the relationship between L1, L2, fmax and f can be 
summarized in Fig. 9. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 8 Growth of the impact frequency f with an increase in the fall height L. 
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Fig. 9 Growth of the impact frequency f with an increase in the fall height L. 
 
2.2.3 Breakup length L1 
Many pioneering works discussed the breakup length L1 of liquid jets. In the observation time, the 
minimum breakup length is defined as L1. The mechanism of the breakup phenomenon obtained by 
observation are described below: 
(a) Laminar: Rayleigh Plateau Instability causes splashing and collapse of the jet into droplets. A 
bilaterally symmetrical bump occurred, and it turned out that this resulted in splitting due to thread 
cutting. 
(b) Transition: This is the transition region between Laminar and Turbulence. 
(c) Turbulence: Instability occurs at the liquid interface due to friction with very high ambient air such 
as relative velocity, shearing force, and thus causes the jet to split and collapse. Unlike laminar flow, the 
shape of the jet is formed as asymmetric flow.  
 
In Figs. 10 and 11, the experimental data of the minimum breakup length L1 are compared with the 
following correlations by Grand and Middleman (1966) [13] for the laminar and turbulent jets, 
respectively. 
 
(
𝐿1
𝑑0
)
laminar
= 19.5 (𝑊𝑒0.5 + 3
𝑊𝑒
𝑅𝑒
)
0.85
 (1) 
  
(
𝐿1
𝑑0
)
turbulent
= 8.51(𝑊𝑒0.5)0.64 (2) 
 
where We (=lU02d0/) and Re (=lU0d0/l) are the Weber and Reynolds numbers of the liquid jet, 
respectively. The figures indicate that the present data agree with the above correlations fairly well. It 
can be seen in Fig. 12 that the values of L1 in the transition condition between the laminar and turbulent 
jets is expressed by 
 
(
𝐿1
𝑑0
)
transition
= 1081.84(𝑊𝑒0.5)−0.8 (3) 
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From Eqs. (1)-(3), L1/d0 is calculated by 
 
𝐿1
𝑑0
= 𝑚𝑎𝑥 [𝑚𝑖𝑛 {(
𝐿1
𝑑0
)
laminar
, (
𝐿1
𝑑0
)
transition
} , (
𝐿1
𝑑0
)
turbulent
] (4) 
 
 
Fig. 10 Breakup length L1 for laminar jet. 
 
Fig. 11 Breakup length L1 for turbulent jet. 
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Fig. 12 Breakup length L1 in the transition region. 
 
2.2.4 Maximum breakup length L2 
According to the visual experiment, it was found that the maximum breakup length L2 was fairly 
proportional to L1. Fig. 13 shows the relationship of L1 and L2 for the laminar jet and Fig. 14 for the 
transition and turbulent jet. It can be seen that the relation of L1 and L2 is expressed by Eq. (5) for the 
laminar jet, and Eq. (6) for the transition and turbulent jet. Due to the limitations of experimental 
equipment, when d0=4mm, L2 and fmax can be measure just in low flow rate condition. 
 
L2=1.29L1 (Laminar jet) (5) 
  
L2=2.26L1 (Transition and turbulent jet) (6) 
 
In the case of laminar, the collapse of the jet due to the instability of the Rayleigh plateau type occurs, 
and it breaks up into droplets by regularly amplifying the unstable wavelength. Therefore, the distance 
from the first splitting position L1 to the position L2 where the splitting is completed is relatively short. 
On the other hand, in the case of turbulence and transition where the flow velocity is large, it is considered 
that splitting is caused by irregular turbulent flow fluctuation, and it takes a relatively long distance to 
reach L2. This is the reason for having a large slope in the transition and turbulence equation rather than 
the laminar equation. 
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Fig. 13 Maximum breakup length L2 for laminar jet. 
 
 
Fig. 14 Maximum breakup length L2 for transition and turbulent jet. 
 
2.2.5 Maximum impact frequency fmax 
The work of Plateau and Rayleigh on the instability of cylindrical fluid jets bound by surface tension 
was quoted in this section. It is precisely this Rayleigh-Plateau instability that is responsible for the pinch-
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off of thin water jets emerging from kitchen taps. We consider the evolution of infinitesimal varicose 
perturbations on the interface, which enables us to linearize the governing equations. The perturbed 
columnar surface takes the form: 
 
R = R0 + ϵeωt+ikz (7) 
 
As shown in Fig. 15, maximum unstable wavelength has a close relationship with breakup frequency. 
Volume of impact droplet can be expressed by 
 
𝑉 = ∫ 𝜋𝑅2𝑑𝑧
λ𝑚𝑎𝑥
0
 (8) 
 
The maximum unstable wavelength λ𝑚𝑎𝑥  is generally considered as 9.02 R0.  
 
𝑉 = 9.02𝜋𝑅0
3 (9) 
 
Impact frequency f can be expressed by 
 
𝑓 =
𝑄
𝑉
=
𝜋𝑅0
2𝑈0
9.02𝜋𝑅0
3 =
𝑈0
9.02𝑅0
= 0.22 𝑈0/𝑑0 (10) 
 
 
Fig. 15 Maximum unstable wavelength. 
 
Thus, the data of fmax are plotted against U0/d0 in Figs. 16 and 17. The maximum impact frequency fmax 
was measured sufficiently downstream form the nozzle. It tended to increase with an increase in U0 whilst 
decreased with an increase in d0. Here, tiny droplets were produced between the large droplets as can be 
seen in Fig. 5. These tiny droplets were eliminated in the measurement of fmax since their volume was 
negligible in comparison with that of the large droplets and they did not contribute to the production of 
splashed droplets during liquid jet impingement. It can be seen in Figs. 16 and 17 that fmax is correlated 
by the following equations. 
 
𝑓max = 0.17
𝑈0
𝑑0
+ 178.91 (Laminar jet) (11) 
  
𝑓max = 0.25
𝑈0
𝑑0
− 136.15 (Transition and turbulent jet) (12) 
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Fig. 16 Maximum impact frequency fmax for laminar jet. 
 
 
Fig. 17 Maximum impact frequency fmax for transition and turbulent jet. 
 
As mentioned above, maximum impact frequency fmax was written by Eqs. (11) and (12). Nevertheless, 
in laminar regime, as Fig.16 shows, when U0/d0 is close to 0, the intercept is on Y-axis. As mentioned in 
Section 1.2, if jet velocity is close to 0, breakup regime will come to dripping from laminar. To investigate 
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the reason why fmax is not zero while U0/d0 is close to 0, visualization experiment was done in low flow 
rate. Figs. 17 (a), (b) and (c) is dripping. Jet flow with instability of Rayleigh Plateau type was observed 
in (e). Elongated liquid column can’t be seen in (d). 
Fig. 19 expresses fmax dependence of U0/d0 in dripping regime. In the plot shown in the figure, the 
transition zones of Dripping, Dripping and Jetting (Laminar), Jetting (Laminar), Jetting (Transition and 
Turbulence) are differentiated. Although the increasing trend of fmax differs, the remarkable point is the 
sharp increase in fmax when shifting from Dripping to Jetting.  
The reason for this can be explained as follows. In Dripping, when the gravity of the droplet dominates 
over the upward surface tension applied to the liquid, the dropping period is relatively long. On the other 
hand, in Jetting, primary droplets are generated by jet splitting, and the generation cycle of primary 
droplets is short. According Plateau-Rayleigh instability, the growth rate of the unstable wave is Ω = 0.34 
(σ / ρ𝑅0
3) 0.5 at the time of splitting due to the instability of the Rayleigh Plateau type in Jetting, so let Tb 
be the period until division. Then, it can be defined as follows. 
 
𝑇b =
1
𝛺
= 2.91 (
𝜌𝑅0
3
𝜎
)
0.5
 (13) 
 
Substituting 2R0 = d0 = 2mm into equation (13), Tb = 0.011 s is calculated, which is extremely short 
compared with the case of dripping. In Fig. 17 (c), Tb = 0.22 s, the period is shortest under the condition 
that dripping occurs. 
Fig. 20 plots the results of small flow rates among the Dripping conditions. It can be found that fmax is 
close to 0 while U0/d0 approaches to 0. 
 
 
     
 ( a ) ( b ) ( c ) ( d ) ( e ) 
Q 1 ml/min 5 ml/min 28 ml/min 45 ml/min 65 mi/min 
Mode Dripping Dripping Dripping Dripping 
~Jetting 
Jetting 
Fig. 18 Visualization of dripping regime to jetting regime (d0 = 2mm) 
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Fig. 19 fmax dependence of U0 / d0 (d0 = 2mm) 
 
 
Fig. 20 fmax dependence of U0 / d0 for dripping regime 
 
2.2.6 Conservative estimation of f 
To derive the correlation for the impact frequency f, the dimensionless impact frequency f* = f/fmax is 
plotted against the dimensionless fall height L* = (L - L1)/(L2 - L1) in Fig. 16. From the definitions of fmax, 
L1 and L2, f* is zero at L* = 0 and increases asymptotically to 1 during the increase of L* from 0 to 1. As 
10
0
10
2
10
4
10
0
10
2
10
4
U0 / d0
f m
ax
Jetting (Transition and Turbulence)
Jetting (Laminar)
Dripping
Dripping ~ Jetting
0 5 10 15
0
0.5
1
U0 / d0
f m
ax
Dripping
  
25 
 
shown in the correlating line in Fig. 21, the measuring time is 0.25s, the dependence of f* on L* is 
expressed using the error function by 
 
𝑓
𝑓max
=
1
2
{𝑒𝑟𝑓 [1.85 (
2(𝐿−𝐿1)
𝐿2−𝐿1
− 1)] + 1}  (L1<L<L2) (14) 
 
To test the predictive performance of the present model for f, the values of L1, L2 and fmax were 
calculated and the experimental data of f are substituted to Eq. (14). The result of comparison with Eq. 
(9) is presented in Fig. 22. As expected, scattering is more noticeable in Fig. 22 than in Fig. 21 since the 
values of L1, L2 and fmax are evaluated using the correlations. It can be seen that in Fig. 21, significant 
scattering occurs in the laminar jet. The main reason of the scattering is described as follows. In the 
laminar jet, the distance between L1 and L2 is only about 30% of L1 (see Eq. (5)). In consequence, slight 
prediction error of L1 leads to significant error in L*. Improvement of the correlation for L1 is hence of 
primary importance to improve the predictive performance of f. The present model constituted of 
equations is regarded as the best-estimate type model for f. When a conservative estimation is preferable, 
it is recommended to multiply the safety factor a = 0.6 to L1 and b = 1.2 to fmax. As indicated in Fig. 23, 
underestimation of f can be avoided if this method is adopted. 
 
 
Fig. 21 Dependence of the dimensionless impact frequency f* on the dimensionless fall height L*. 
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Fig. 22 Predictive performance of the present model for the impact frequency f. 
 
 
Fig. 23 Conservative estimation of f based on the proposed model. 
 
−2 0 2 4
0.4
0.8
1.2
（L−L1 ） / （L2−L1 ） [−]
f 
/ 
f m
a
x
 [
−
]
d0=1mm 2mm 4mm
Transition
Laminar
Turbulence
0 4 8
0.4
0.8
1.2
（L−aL1 ） / a（L2−L1 ） [−]
f 
/ 
b
 f
m
a
x 
[−
]
d0=1mm
d0=2mm
d0=4mm
  
27 
 
2.2.7 Impact hydraulic diameter dp 
Impact hydraulic diameter dp is divided into two kinds. At downstream of L2 (L > L2), liquid jet get 
completely breakup. Simple method to calculate dp is shown below. If the jet flow rate Q is in the steady 
state, average diameter of the impacting droplets is calculated by the following equation from the mass 
conservation. 
 
𝑑p = (
6𝑄
πfmax
)
1/3
 (15) 
 
A method using image analysis software ImageJ is proposed to measure droplet size. Subtract 
background from animation taken by high speed camera. After binary image processing (Fig.24), droplet 
size can be export to Excel. After cross off tiny data, the droplet diameter calculated by Eq. (15) are 
compared with the experimental value in Fig. 25. It can be confirmed that the present method predicts 
the droplet velocity within the error of 15%. 
On the other hand, in Figs. 26 (a) and (c) in which the image is taken upstream of L2 (L2 > L > L1), the 
presence of a vertically elongated liquid mass can be confirmed. In this study, since one of the factors 
strongly related to droplet scattering is the projected diameter with respect to the flat plate, it is assumed 
that this projected diameter can be obtained in order to predict the scattering phenomenon. Assuming 
that the projection diameters of the droplets downstream of L2 (L >L2) and upstream (L2 > L > L1) are 
almost the same. In both cases the primary droplet diameter dp can be estimated by Eq. (10). 
 
   
(a) movie (b) background (c) subtract 
 
  
(d) binary (e) crop (f) analyze particles 
Fig. 24 Image analysis procedure 
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Fig. 25 Comparisons of the calculated and measured droplet diameter. 
 
  
    
  
(a) L 1 < L < L 2 (b) L > L 1     (c) L 1 < L < L 2 (d) L > L 1 
Q = 300 ml/min     Q = 1400 ml/min 
Fig. 26 Visualization of complete and incompletely breakup droplets (d0 = 2mm). 
 
2.2.8 Impact velocity Up 
In determining the splashing rate, not only impact hydraulic diameter dp but also impact velocity Up 
of the impacting droplets is important. The drop velocity is equal to U1 at L = L1 and the gravitational 
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and the drag forces act on the droplets for L > L1. Assuming the free fall for the liquid jet, the jet velocity 
at L = L1 is expressed by 
 
𝑈1 = 𝑈0√1 +
2𝑔𝐿1
𝑈0
2  (16) 
 
The equation of motion of a droplet falling while receiving resistance can be described as 
 
 
𝜌𝑙
𝜋𝑑P
3
6
𝑔 − 
1
2
𝐶D𝜌g
𝜋𝑑P
2
4
𝑈2  =  𝜌𝑙
𝜋𝑑P
3
6
𝑑𝑈
𝑑t
 
 
 
For simplicity, the mass m of the droplet, the reference area S, and the acceleration 𝑎P are set as 
 
𝑚 = 𝜌𝑙
𝜋𝑑P
3
6
 𝑆 =
𝜋𝑑P
2
4
 𝑎P =  
𝑑𝑈
𝑑t
 
 
The equation of motion is 
 
𝑚𝑔 −
1
2
𝐶𝐷ρg𝑆𝑈
2 = 𝑚𝑎P 
 
𝑔 −
𝐶𝐷𝜌g𝑆𝑈
2
2𝑚
= 𝑎P 
 
The constant C1 is set as follows 
 
𝐶1 =  
𝐶D𝜌g𝑆
2𝑚
 
 
𝐶1 =  
𝐶D𝜌g
𝜋𝑑P
2
4
2𝜌l
𝜋𝑑P
3
6
=  
3𝐶D𝜌g
4𝑑0𝜌l
 
 
The original equation of motion becomes to Eq. (17). 
 
𝑔 − 𝐶1𝑈
2 = 𝑎P (17) 
 
This is differentiated with respect to time 
 
−𝐶12𝑈
𝑑𝑈
𝑑𝑡
=
𝑑𝑎P
𝑑𝑡
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−𝐶12𝑈𝑎P =
𝑑𝑎P
𝑑𝑡
 
 
∫ 𝑈𝑑𝑡 =
1
−2𝐶1
∫
1
𝑎P
𝑑𝑎P 
 
𝐿＝
1
−2𝐶1
𝑙𝑛𝑎P + 𝐶2 ( 18 ) 
 
For obtaining the constant C2, L = L1 is substituted. L is the movement direction of the droplet 
 
C2 = 𝐿1 +
1
2𝐶1
ln 𝑎1  ( 19 ) 
 
Eq. (17) becomes to 
 
𝑎1 = 𝑔 − 𝐶1𝑈1
2 
 
Indicates into Eq. (19), 
 
𝐶2 = 𝐿1 +
1
2𝐶1
𝑙𝑛 (𝑔 − 𝐶1𝑈1
2) 
 
Substitute C2 into Eq. (18) 
 
𝐿 =
1
−2𝐶1
ln 𝑎P + 𝐿1 +
1
2𝐶1
ln(𝑔 − C1𝑈1
2) 
 
𝑎P = (𝑔 − 𝐶1𝑈1
2)𝑒−2(𝐿−𝐿1)𝐶1  
 
According to Eq. (17), the acceleration ap at an arbitrary position L is calculated by 
 
 𝑎P = 𝑔 − 𝐶1𝑈p
2 
 
The falling speed Up finally becomes the Eq. (20). 
 
𝑈p = √
𝑔 − (𝑔 − 𝐶1𝑈1
2)𝑒−2(𝐿−𝐿1)𝐶1
𝐶1
 (20) 
 
 
(21) 
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According to Clift and Gauvin (1970) [14], the drag coefficient CD is expressed by 
 
𝐶D =
24(1 + 0.15𝑅𝑒0.687)
𝑅𝑒
+
0.42
(1 + 4.25 × 104𝑅𝑒−1.16)
 (22) 
 
The average value of the drag coefficient under the present experimental conditions was 0.58 and the 
range of deviation from the average was small (-4 to 6%). The droplet velocities calculated by Eq. (20) 
are compared with the experimental data in Fig. 27. It can be confirmed that the present method predicts 
the droplet velocity within the error of 15%. 
 
 
Fig. 27 Comparisons of the calculated and measured droplet velocities. 
 
2.3 Impact process 
2.3.1 Definition of splash ratio Sp* 
The dimensionless splashing rate Sp* is defined as the ratio of the splashing droplet volume per 
second Sp to the jet flow rate Q. 
 
𝑆𝑝∗  =
𝑆𝑝
𝑄
 (23) 
 
Using the splash volume per impact Vd, Sp is written by 
 
𝑆𝑝 =  𝑉d × 𝑓 (24) 
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Substituting Eqs. (10) and (19) into Eq. (18), Sp* is expressed by 
 
𝑆𝑝∗ =
𝑆𝑝
𝑄
=  
𝑉d
𝑉p
×
𝑓
𝑓𝑚𝑎𝑥
 (25) 
 
where Vp = dp3/6 denotes the droplet volume. 
 
2.3.2 Experiment method 
To measure the splash ratio, the waste cloth made of hygroscopic paper was set on the droplet collection 
device as shown in Fig. 28. The amount of splashed droplets was measured from the weight difference 
of the paper before and after capturing the splashed droplets for 30s. From the movie obtained using a 
high-speed camera, it was confirmed that splashed droplets were surely captured by the waste cloth. 
Splash amount for 30 seconds and 60 seconds under low scattering and high scattering condition were 
measured (Table 3). Under any conditions, the measurement error of Sp was estimated within 5%. In 
the high splash case, not only more hygroscopic paper was used but also measurement time was shorten 
to avoid absorb limit. 
 
 
Fig. 28 Arrangement of the droplet collection device. 
 
Table 3 Measurement accuracy 
D 
[mm] 
Q 
[ml/min] 
Sp [ml] Sp* [-] Error 
30sec 60sec 30sec 60sec 
1 130 2.448 4.995 0.01883 0.01921 98% 
1 190 0.003 0.006 0.00037 0.00037 100% 
1 370 3.263 6.329 0.21165 0.20526 103% 
2 220 13.404 27.633 0.06092 0.06280 97% 
2 883 7.71 16.727 0.20955 0.22115 95% 
2 1200 643.572 903.258 0.53631 0.56453 95% 
 
  
33 
 
2.3.3 Experiment result 
As shown in Fig. 26, the impacting droplets were fairly spherical in the fully-breakup region of L > 
L2. Whilst, within the incomplete breakup region of L1 < L < L2, the liquid lump was elongated in the 
vertical direction but the projected area in the vertical direction was in the same order with the droplets 
in the fully-breakup region. This implies that the contact area at impact is in the same order between the 
fully-breakup and incomplete breakup regions. It is assumed that in the fully-breakup as well as the 
incomplete breakup regions, the dimensionless splashing rate per impact Vd/Vp = Sp*fmax/f is expressed 
as the function of the Weber number Wep defined by 
 
𝑊𝑒p =
𝜌l𝑈p
2𝑑p
σ
  (26) 
 
where dp and Up are calculated by Eqs. (15) and (20) respectively. dp is the mean droplet size in the 
fully-breakup region.  
The experimental values of Sp*fmax/f are plotted against Wep in Fig. 29. The figure indicates that 
Sp*fmax/f is expressed as the function of Wep fairly well. It can also be seen that Sp*fmax/f tends to increase 
asymptotically with an increase in Wep and becomes fairly constant at sufficiently large Wep. By using 
the correction coefficient fmax/f, the influence of the impact frequency f on the droplet scattering can also 
be summarized in the case of f = fmax and f < fmax. From the present experimental data, the relation of 
Sp*fmax/f and Wep is expressed by 
 
𝑆𝑝∗ 
𝑓𝑚𝑎𝑥
𝑓
= 4 × 10−7 𝑊𝑒P
1.9 （Wep<1300） (27) 
   
𝑆𝑝∗ 
𝑓𝑚𝑎𝑥
𝑓
= 4.47 × 10−3 𝑊𝑒P
0.6 （1300< Wep <3500） (28) 
   
𝑆𝑝∗ 
𝑓𝑚𝑎𝑥
𝑓
= 0.6 （3500<Wep） (29) 
 
It can be seen that Sp*fmax/f increases with an increase of Wep. Eqs. (27) - (29) have different slope. 
Finally, Sp*fmax/f approaches to about 0.6.  
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Fig. 29 Correlation of the splashing ratio Sp*. 
 
2.3.4 Liquid film 
Liquid film thickness is important factor in drop impact. Zoom lens that was used to clearly observe 
the situation on the impact point. The scattering conditions of droplets obtained by observation in Fig. 
30 will be described below: 
(a) Wep = 340: Since the kinetic energy is small, a liquid film is formed on the flat plate. From Fig. 29, it 
is possible to confirm the situation where the liquid film is wavy at the time of a collision. It was 
confirmed that droplet scattering occurred from the fluctuation part of this liquid film and the end part 
on a very small scale crown. 
(b) Wep = 590: As the velocity of impact droplet increases, the thickness of the liquid film gradually 
decreases. The size of the droplet scattering is considered to fluctuate also depending on the thickness of 
the liquid film. In this case where the liquid film becomes thin, the droplet scattering becomes more 
severe. 
(c) Wep = 1620: the splash rate Sp* rapidly increases. It was confirmed that the liquid film after this 
condition was pushed out by the collision of the primary droplet and became very thin. Also, after this 
condition, crown is always generated, and droplets are scattered from the end portion. It is observed from 
other images that the crown also becomes high under the high scattering condition. 
(d) Wep = 3700: The condition when the splash rate Sp* reaches a fixed value. Since the liquid film is 
extremely thin, the crown to be formed is derived from substantially the primary droplet. Since the 
scattering rate of this condition is 60%, approximately 60% of the primary droplet is scattered droplet. 
 
In sum, droplets with low Weber number impact onto a thick liquid film. As the velocity of impact 
droplet Up increases, the thickness of the liquid film gradually decreases because of hydraulic jump. 
Difference in inertial force between impacted droplet and liquid film occurs liquid crown. Before and 
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after impacting, inertial force of impacting droplet are proportional (vertical). The movement of liquid 
film will also be faster (horizontal). Both vertical and horizontal force working on the impact droplet will 
increase with WeP. Vertical force occurs more splash while horizontal force make impact droplet become 
liquid film. The ratio of vertical and horizontal force has a significant impact on splash ratio. For this 
reason, study about hydraulic jump phenomenon is an important issue in the future. 
 
  
(a) WeP = 340 (b) WeP = 590 
  
(c) WeP = 1620 (d) WeP = 3700 
Fig. 30 Liquid film (d0 = 2mm, f = fmax, L = 500mm) 
 
2.3.5 Continuous jet collision 
Same spray droplets collection experiment while continuous jet collision was done. As shown in the 
Table 4, both low and high flow rate condition, Sp* are less than 1%. When continuously liquid impact 
onto the horizontal plate, elongated shape can counteract the reaction force.  
 
Table 4 Splashing ratio for continuous jet 
Q d0 L L1 L/L1 Sp* Wep 
200 2 150 164.2 0.91 0.00012 108.9659 
300 2 180 281.1 0.64 0.00006 160.9952 
300 2 250 281.1 0.88 0.00010 195.2531 
900 2 120 134.6 0.89 0.00668 670.4342 
1000 2 120 137.5 0.87 0.00260 812.7615 
1200 2 120 154 0.77 0.00013 1142.362 
1400 2 160 185 0.86 0.00406 1536.182 
1600 2 160 198 0.80 0.00305 1980.599 
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3 EXPERIMENT WITH OTHER LIQUIDS 
3.1 Improvement of experiment apparatus 
In chapter 3, a prediction method by water was created. In fluid mechanics, water and sodium have 
different surface tension, viscosity and density. In order to clarify the adaptability of the equations made 
by water. Two different concentrations of glycerin are used as test liquid. The experiment method is 
identical with water’s. Just 2mm nozzle is used.  
The experiment apparatus was improved for circulation (Fig. 31). A rectifying tank can modified the 
distortion after needle valve. Air vent on rectifying tank can exhaust air before experiment. The liquid 
after impinging to the horizontal plate is stored in a new reservoir .The pump send the liquid back to the 
upper reservoir. 
 
 
Fig. 31 Schematic diagram of experimental apparatus (improved). 
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3.2 Experiment method 
Test liquid was made in under reservoir firstly. After thorough mixing, it was supplied test to the upper 
reservoir by pump. Open the needle valve, ejectment the test liquid back to the under reservoir. Repeat 
about 10 times. Then, physical properties can be checked by force tensiometer and viscometers. Table 5 
shows the physical properties of leakage sodium in sodium-cooled fast reactor and test liquids in this 
work. Both 10% and 20% have similar surface tension and density with water. The viscosity has 
obviously different.  
 
Table 5 physical properties of working solutions 
Liquid 
Surface tension 
[mN/m] 
Viscosity 
[mPa･s] 
Density 
[g/cm3] 
Temperature 
[℃] 
Sodium 
174 0.30 0.869 350 
169 0.27 0.857 400 
163 0.25 0.846 450 
158 0.23 0.834 500 
154 0.22 0.822 550 
Water 72.5 1.00 0.998 20 
10vol% Glycerin 71.7 1.25 1.07 20 
20vol% Glycerin 72.2 1.75 1.05 20 
 
Since improved the experimental apparatus, the experimental procedure also changed. Detailed 
experimental procedures are described as follows: 
1. Release the pressure of the reservoir in the air. 
2. Supply test liquid to the reservoir. 
3. Pressurize the reservoir using the gas cylinder. 
4. Mount the nozzle.  
5. Set height of camera and LED light. 
6. Adjust the focus of camera.  
7. Open raw light and take a snapshot of flexible rule for setting scale. 
8. Take out the flexible rule. Close raw light and open LED light. 
9. Take a snapshot of background 
10. Use data logger to record temperature. 
11. Open the air vent valve. 
12. Keep the needle valve on. 
13. Block the exit of nozzle 
14. Close the air vent valve since the test liquid has ejected from air vent valve.  
15. Adjust the flow rate of the test liquid by the needle valve.  
16. Start recording. 
17. The needle valve is closed to finish this run.  
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3.3 Compare with results of water 
3.3.1 Breakup length L1 
After improved experiment apparatus, data of L1 was measured again. To find the top breakup, 
measurement time increased to 0.5s. Frame rate was 16000 frames/s, and the shutter speed was 20s. 
Figs. (32), (33) and (34) expressed that L1 has same variation trend with water.  
It is noteworthy that laminar regime of 20% glycerin is larger than the others. It is possible that high 
viscosity inhibits instability inside of liquid. In the consideration of sodium has lower viscosity than 
water, it is possible that the transition regime will come at lower velocity. Impact frequency might be 
underestimate. More study with higher viscosity is necessary.  
On the other hand, in transition and turbulence regimes, L1 is shorter than Eq. (2) and (3). Thus, 
modified equations can be expressed by 
 
(
𝐿1
𝑑0
)
turbulent
= 0.98(𝑊𝑒0.5)1.23 (29) 
 
(
𝐿1
𝑑0
)
transition
= 10274(𝑊𝑒0.5)−1.71 (30) 
 
Owing to the higher frame rate, longer measurement time and rectifying tank, transition regime got 
better fit than Eq. (2).  
 
Fig. 32 Breakup length L1 for laminar jet. 
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Fig. 33 Breakup length L1 for turbulence jet. 
 
 
Fig. 34 Breakup length L1 for transition jet. 
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As expressed by Fig. 35, the definition of L1 in this work is that the length from nozzle to top jet 
breakup position in the observation time. However, in Fig. 36, black arrows show that the breakup length 
means where breakup into droplets in Grant's work. The breakup length in Grant's work is more like Ld. 
Due to the different definition, especially in turbulence length region, experiment value of L1 is less than 
Eq. (3). 
 
 
Fig. 35 Definition of breakup length 
 
 
Fig. 36 Breakup length in Grant et al., 1966 [13] 
 
3.3.2 Maximum breakup length L2 
Fig. 37 expressed laminar, transition and turbulence for 10% and 20% glycerin respectively. L2 of 
glycerin shows the result is in line with Eqs. (5) and (6). Experiment value of transition has greater error 
than turbulence.  
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Fig. 37 Maximum breakup length L2. 
 
3.3.3 Maximum impact frequency fmax 
Maximum impact frequency fmax matches the Equation of laminar which was created by water, but in 
the case of transition and turbulence, it tends to be large overall (Fig. 38). In other words, liquid with 
higher viscosity breakup into smaller droplets (according to Eq. (15)). Furthermore, it is obvious that the 
data of transition show different trend with turbulence. Transition is supposed to be discussed respectively. 
 
 
Fig. 38 Maximum impact frequency fmax. 
 
0 200 400 600 800
200
400
600
800
L
2
  
[m
m
]
L1  [mm]
Glycerin    10%   20%
Laminar
Transition
Turbulence
Eq. (5)
Eq. (6)
0 2500 5000
400
800
1200
f m
a
x 
[s
−
1
] 
U0 /d0  [s
−1
]
Glycerin    10%   20%
Laminar
Transition
Turbulence
Eq. (11)
Eq. (12)
  
42 
 
3.3.4 Splashing ratio Sp* 
As section 2.3.2, same splashing experiments were done. The experimental values of Sp*fmax/f are 
plotted against Wep. Fig. 39 implies that the contact area at impact is in the same order between the fully-
breakup and incomplete breakup regions. Fig. 40 plots the results of high flow rates. Obviously, glycerin 
and water have different growth trends.  
 
Fig. 39 Correlation of the splashing ratio Sp* 
 
 
Fig. 40 Correlation of the splashing ratio Sp*（high Wep） 
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In the view of this, viscosity evaluation was done as follows. Ohnesorge number, a dimensionless 
number that relates the viscous forces to inertial and surface tension forces is used to express the impact 
of different viscosity on splash ratio. Ohnesorge number of impacting droplet is calculated by 
 
𝑂ℎp =
𝜇
√𝜌𝜎𝑑p
  (31) 
 
Divide the data into 3 regime based on Weber number Wep gathered from Eqs. (27)-(29). Fitting data 
as Figs. 41-43. From the present experimental data, the relation of Sp*fmax/f , Wep and Ohp can be 
expressed by 
 
𝑆𝑝∗ 
𝑓𝑚𝑎𝑥
𝑓
= 5.85 × 10−9 𝑊𝑒P
2.16𝑂ℎP
−0.39 （Wep<1300） (32) 
   
𝑆𝑝∗ 
𝑓𝑚𝑎𝑥
𝑓
= 1.93 × 10 𝑊𝑒P
0.64𝑂ℎP
0.51 （1300< Wep <3500） (33) 
   
𝑆𝑝∗ 
𝑓𝑚𝑎𝑥
𝑓
= 1.17 × 10−1 𝑊𝑒P
0.48𝑂ℎP
0.39 （3500< Wep） (34) 
 
  
Fig. 41 Correlation of the splashing ratio Sp*（Wep<1300）. 
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Fig. 42 Correlation of the splashing ratio Sp*（1300< Wep <3500）. 
 
 
Fig. 43 Correlation of the splashing ratio Sp*（3500< Wep）. 
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4 INFLUENCE OF NOZZLE SHAPE 
Section 2.1.1 introduced the nozzle shape in this work. The flow path is gradually reduced to the exit 
portion. Entrance region between reduction part and exit is 10mm. A new nozzle as Fig. 44 (b) was used 
to examine the effects on entrance region. Entrance region is designed as 10 times as d0. Visualization 
experiment was done for measuring L1. Here the data of old nozzle is same as Section 3.1.1. The result is 
illustrated in Fig. 45. L1 of new nozzle showed same trend with old’s. Nevertheless, critical points for 
each flow of new old’s at slightly lower Weber number.  
 
  
(a) Old 4mm (b) New 4mm 
Fig. 44 Cross-section of the nozzle. 
 
 
Fig. 45 Breakup length L1. 
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5 CONCLUSION 
1. During liquid jet impingement onto a horizontal plate, splashing mainly took place when the droplets 
produced due to jet breakup impinged onto the liquid film formed on the target plate. Thus, splashing 
rate was negligibly small when the jet impinged as a continuous jet whilst significant splashing 
occurred when the jet impinged as a broken jet. This implies that the impact frequency of droplets 
is important in predicting the splashing rate. Thus, assuming that the impact frequency is expressed 
as the function of the minimum and maximum breakup lengths and the maximum impact frequency 
in the fully-breakup region, a correlation for the impact frequency was developed. 
2. Assuming that the splashing rate per impact is expressed as the function of the impact Weber number 
and the total splashing rate is proportional to the impact frequency, a correlation was developed for 
the splashing rate. It was shown that the splashing rate increases asymptotically with an increase in 
the impact Weber number and becomes fairly constant for sufficiently large value of the impact 
Weber number. 
3. In order to investigate applicability in the case of different physical properties, experiments were 
conducted using glycerin aqueous solution. As a result, it became clear that each prediction formula 
shows relatively good prediction value even when the physical properties are different. The impact 
Ohnesorge number was used to perform viscosity evaluation 
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APPENDIX 
Table A-1  Visualization experiment data list (water) 
Run d0 [mm] Q [ml/min] U0 [m/s] L1[mm] L2[mm] fmax [Hz] 
101 1 50 0.88 76 97 297 
102 1 100 1.75 115 155 448 
103 1 130 2.28 150 280 545 
104 1 150 2.63 160 285 626 
105 1 200 3.51 150 290 579 
106 1 220 3.86 123 280 707 
107 1 250 4.38 95 195 815 
108 1 270 4.74 54 100 886 
109 1 300 5.26 57 100 993 
110 1 320 5.61 60 120 1065 
111 1 350 6.14 61 120 1172 
112 1 370 6.49 66 140 1243 
113 1 400 7.02 71 145 1350 
114 1 500 8.77 88 190 1880 
115 1 600 10.52 97 210 2200 
116 1 650 11.40 91 230 2500 
117 1 700 12.28 107 250 2680 
201 2 80 0.42 65 85 156 
202 2 130 0.69 117 157 182 
203 2 200 1.06 164 200 212 
204 2 250 1.33 240 270 249 
205 2 300 1.59 275 315 277 
206 2 350 1.86 331 405 305 
207 2 400 2.12 355 440 333 
208 2 500 2.65 440 540 389 
209 2 700 3.71 280 625 338 
210 2 800 4.24 217 520 397 
211 2 900 4.77 140 360 456 
212 2 1000 5.31 140 290 516 
213 2 1200 6.37 154 310 635 
214 2 1400 7.43 185 390 754 
215 2 1600 8.49 198 450 872 
301 4 184 0.24 162 195 204 
302 4 400 0.53 222 285 196 
303 4 600 0.80 268 325 212 
304 4 800 1.06 323 410 224 
305 4 1000 1.33 482   
306 4 1300 1.72 583   
307 4 1500 1.99 572   
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308 4 2000 2.65 400   
309 4 2300 3.05 357   
310 4 2500 3.32 319   
311 4 2700 3.58 338   
312 4 3000 3.98 364   
313 4 3500 4.64 381   
 
Table A-2  Visualization experiment data list (10% glycerin) 
Run d0 [mm] Q [ml/min] U0 [m/s] L1[mm] L2[mm] fmax [Hz] 
401 2 100 0.44 62 119 154 
402 2 200 0.98 147 237 242 
403 2 300 1.59 235 332 336 
404 2 400 2.12 297 373 379 
405 2 500 2.65 243 567 391 
406 2 600 3.18 125 538 348 
407 2 700 3.71 93 333 353 
408 2 800 4.24 90 228 422 
409 2 900 4.77 88 224 524 
410 2 1000 5.31 117 250 592 
411 2 1200 6.37 142 314 714 
412 2 1400 7.43 192 397 894 
413 2 1600 8.49 197 467 984 
 
Table A-3  Visualization experiment data list (20% glycerin) 
Run d0 [mm] Q [ml/min] U0 [m/s] L1[mm] L2[mm] fmax [Hz] 
501 2 150 0.69 130 181 224 
502 2 200 0.98 162 249 272 
503 2 250 1.33 193 286 304 
504 2 300 1.59 247 363 352 
505 2 350 1.86 289 431 384 
506 2 400 2.12 339 513 432 
507 2 500 2.65 484 623 448 
508 2 600 3.18 422 724 400 
509 2 700 3.71 173 583 384 
510 2 900 4.77 122 300 560 
511 2 1000 5.31 125 286 704 
512 2 1200 6.37 145 306 768 
513 2 1400 7.43 147 303 880 
514 2 1600 8.49 168 339 976 
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Table B-1  Experiment condition of splashing collection (water) 
Run d0 [mm] Q [ml/min] Wep [-] Ohp [-] Sp*fmax/f [-] 
601 1 100 161.1795 0.002736 0.007485 
602 1 130 221.28 0.002674 0.011502 
603 1 150 348.7001 0.002659 0.018794 
604 1 250 751.8836 0.002556 0.13428 
605 1 270 916.0952 0.00252 0.190648 
606 1 300 1044.243 0.00259 0.309352 
607 1 320 1067.883 0.00259 0.378644 
608 1 350 1420.03 0.00259 0.399878 
609 1 370 1658.359 0.002596 0.422634 
610 1 400 1732.076 0.002602 0.459058 
611 1 450 2086.766 0.002557 0.450555 
612 1 500 2438.407 0.002609 0.522486 
613 1 600 3620.887 0.002598 0.589083 
614 1 650 4078.549 0.002619 0.594992 
615 1 710 4820.539 0.00261 0.602434 
616 1 400 1741.988 0.002602 0.31532 
617 1 500 2237.301 0.002609 0.494891 
618 1 600 2671.061 0.002598 0.464687 
619 1 650 3686.956 0.002619 0.512685 
620 1 700 4187.47 0.002617 0.677781 
621 1 130 147.9793 0.002674 0.001381 
622 1 150 262.9792 0.002659 0.020321 
623 1 170 312.5334 0.002641 0.020687 
624 1 200 387.637 0.002626 0.052425 
625 1 220 607.6788 0.002577 0.043314 
626 1 250 591.052 0.002556 0.059673 
627 1 320 957.4065 0.00259 0.111173 
628 1 350 988.7083 0.00259 0.158244 
629 1 370 1127.297 0.002596 0.260482 
630 1 400 1427.063 0.002602 0.286841 
701 2 150 321.5261 0.002317 0.065594 
702 2 250 394.3118 0.002111 0.073679 
703 2 300 425.9908 0.002073 0.07661 
704 2 350 511.3197 0.002052 0.068048 
705 2 400 649.5386 0.002056 0.068048 
706 2 700 1388.142 0.001855 0.272585 
707 2 800 1421.879 0.001891 0.389685 
708 2 900 1608.356 0.001871 0.431739 
709 2 1000 2189.629 0.001886 0.487946 
710 2 1200 2763.712 0.001903 0.535259 
711 2 1400 4121.419 0.001921 0.560705 
712 2 1600 4532.71 0.001924 0.572131 
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713 2 250 235.3292 0.002166 0.008197 
714 2 900 1354.879 0.001871 0.265385 
715 2 1000 1722.628 0.001897 0.340531 
716 2 1200 2266.586 0.001903 0.400371 
717 2 1400 2611.792 0.001949 0.407343 
801 4 200 565.2372 0.001956 0.08748 
802 4 400 717.2533 0.001752 0.110303 
803 4 600 817.4227 0.001664 0.097189 
804 4 800 907.102 0.001609 0.125738 
805 4 200 179.134 0.001956 0.002343 
806 4 400 315.3148 0.001752 0.024348 
807 4 600 440.6459 0.001664 0.026069 
808 4 800 590.3713 0.001609 0.073775 
 
Table B-2  Experiment condition of splashing collection (10% glycerin) 
Run d0 [mm] Q [ml/min] Wep [-] Ohp [-] Sp*fmax/f [-] 
901 2 100 199.2752 0.002724 0.003477 
902 2 200 252.2538 0.002616 0.003981 
903 2 600 825.534 0.002315 0.042667 
904 2 700 1065.549 0.002262 0.187169 
905 2 800 1282.651 0.002279 0.292626 
906 2 900 1499.848 0.002316 0.338343 
907 2 1000 1785.611 0.002323 0.416546 
908 2 1200 2463.227 0.002325 0.561784 
909 2 200 366.4041 0.002616 0.02243 
910 2 300 450.5223 0.002583 0.019065 
911 2 400 576.48 0.002512 0.005907 
912 2 500 731.7163 0.002433 0.061879 
913 2 600 955.2153 0.002315 0.100831 
914 2 700 1195.375 0.002262 0.304566 
915 2 800 1400.791 0.002279 0.389495 
916 2 900 1601.978 0.002316 0.491713 
917 2 1000 1874.767 0.002323 0.532093 
918 2 1200 2524.136 0.002325 0.581551 
919 2 1400 3271.611 0.002352 0.526614 
920 2 1600 4201.883 0.002338 0.693689 
 
Table B-3  Experiment condition of splashing collection (20% glycerin) 
Run d0 [mm] Q [ml/min] Wep [-] Ohp [-] Sp*fmax/f [-] 
1001 2 150 215.2849 0.003817 0.002507 
1002 2 200 243.8284 0.003758 0.005356 
1003 2 250 282.2784 0.003689 0.009562 
1004 2 700 1031.439 0.00323 0.09969 
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1005 2 900 1444.448 0.003299 0.402728 
1006 2 1000 1652.322 0.003367 0.440795 
1007 2 1200 2359.386 0.003314 0.604703 
1008 2 1400 3140.032 0.003304 0.616042 
1009 2 1600 4087.496 0.003288 0.653106 
1010 2 150 318.6226 0.003817 0.011092 
1011 2 200 349.7426 0.003758 0.016125 
1012 2 250 391.3167 0.003689 0.016046 
1013 2 300 433.0384 0.003667 0.020418 
1014 2 350 487.4176 0.003626 0.041003 
1015 2 400 543.6387 0.003616 0.074818 
1016 2 700 1152.471 0.00323 0.299738 
1017 2 900 1539.769 0.003299 0.429883 
1018 2 1000 1729.774 0.003367 0.563043 
1019 2 1200 2414.264 0.003314 0.676638 
1020 2 1400 3163.863 0.003304 0.735922 
1021 2 1600 4075.04 0.003288 0.694872 
1022 2 400 678.0999 0.00372 0.105954 
1023 2 500 867.8479 0.003606 0.180596 
1024 2 600 1101.532 0.003432 0.303238 
1025 2 700 1306.366 0.003323 0.35129 
1026 2 900 1660.725 0.003393 0.536803 
1027 2 1000 1827.853 0.003464 0.599897 
1028 2 1200 2483.87 0.003409 0.675214 
1029 2 1400 3194.098 0.003399 0.771258 
1030 2 1600 4059.229 0.003382 0.736645 
 
